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ABSTRACT: In this review article, the uses of organic polymers to make photovoltaic cells have been 
discussed. The focus is mainly on discussing organic polymer based photovoltaic (OPVs) solar cells, the 
development of new device technologies and donor polymers that are being researched on. The recent 
development in this field has led to improved OPV performances with power conversion efficiencies as 
phenomenal as 9%. However for commercial application of this kind of OPVs, an improved device structure 
and cost effective processing methods are required. This article reports the polymer design criteria, energy level 
matching, nano-morphing of polymer/acceptor blend films and local dipole moments of the polymer chains that 
have been developed in the research that took place over the past 4 years. We emphasize the importance of 
developing new methods for designing polymers with improved physical properties and development of new 
technologies to fully understand the fundamentals of OPV mechanisms, which will help improve the power 
conversion efficiency of the OPV. 
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I. INTRODUCTION 

Solar energy proved as a clean, sustainable alternative source to fossil fuels can meet the continuously 
growing global demands of energy. [1] Solar cells based on the photovoltaic effect are an effective method to 
convert solar energy into electricity. Today, standard solar panels based on multi -layer single crystalline silicon 
have achieved power conversion efficiencies of more than 40% which has increased their usage [2] but on the 
other side, the relatively high cost of the crystalline silicon-based solar panels has led to their depletion of 
widespread and large scale usage. Therefore, the need of the hour was to find another solar cell technology 
which can exhibit lower manufacturing costs by utilizing inexpensive and abundant materials. Due to this, 
polymer solar cells (PSCs) based on organic semiconducting donor and acceptor materials are being pursued by 
the scientific and industrial communities. Some advantages conveyed by PSCs are that they are relatively 
cheaper, have tuneable flexibility, have high specific weight, are semi-transparent, get easily integrated into 
other objects, low environmental impact and allow for scalable material production using various organic 
synthetic methods and cost-effective roll-to-roll coating and printing techniques. [3-5]. 

As a good donor material in the PSCs, the conjugated polymer should possess atleast the following three 
intrinsic features: 

i. A broad and strong absorption band providing efficient harvest of solar light available at any given time; 

ii. Appropriate highest occupied molecular orbital (HOMO) level and a lowest unoccupied molecular orbital 
(LUMO) level for establishing efficient charge separation with low energy loss; 

iii. High hole mobility which facilitates good charge transport. [6] 

In addition to these requirements, they must also be extremely soluble in organic solvents, and when they are 
blended with (6,6)-phenyl-C61(or C71)- butyric acid methyl ester (PC61BM or PC71BM), bi-continuous 
networks with nanoscale phase separation should be formed. [7 -9] . In order to meet all these specific 
requirements, structural components in conjugated polymers, including their backbones and side groups, must 
be designed and modified with utmost care. Continuous research and innovations can reduce the cost of 
electricity produced by PV (photovoltaic) significantly. The levelized cost of PV electricity was approximately 
0.6 €/kWh in Germany in the year 2007 while PV electricity reached the private household price level of 
approximately 0.25 €/kWh by the end of 2011. Thus solar electricity is gradually reaching the grid parity for 
private household electricity. Major reduction of costs of PV-modules and inverters have led to this positive 
development. But according to the EIA Annual Energy Outlook 2011 hydro-, coal- or gas-powered plants can 
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produce electricity well below 0.1 €/kWh. This means that, for making a significant contribution to the global 
electricity or energy production, the costs for solar electricity still needs to undergo substantial further cost 
reductions. 

Thus cheaper PV-electricity can be achieved in two ways :- 

(i) By increasing the power conversion efficiency maintaining PV-material costs the same (wafer-based solar 
cells (1st generation) or high efficiency concepts (3rd generation)). 

(ii) Or by developing low-cost, moderate efficiency PV-material (thin-film PV, organic photovoltaic). 

Thus three main contributors can be identified on analysing the typical cost structure of a grid connected PV- 
system: 

(i) PV module, 

(ii) Installation/balance of system and 

(iii) Power electronics (inverter). 

Thus for PSCs to fully develop from research and development to cost effective products, continuous 
improvement in solar cell efficiency needs to be carried on. A PCE (Power conversion efficiency) of 10% or 
more in devices with sizable area is regarded as an important threshold for practical and widespread usages of 
polymer solar cells. It has been found out that PSCs showing 15% PCE with a 20-year lifetime can provide 
electricity at a cost of around seven cents per kilowatt-hour which makes solar energy competitive with 
conventional sources of electricity.[10-ll] And thus for achieving this PCE goal, major advances in new 
materials and device technology is highly essential. [12-13] 

II. BULK HETERO JUNCTION (BHJ) SOLAR CELLS 

The most popular class of PSCs , the bulk heteroj unction (BHJ) solar cells are based on composite 
materials composed of low band-gap conjugated polymers as the electron donor, and substituted fullerenes as 
electron acceptor materials. Due to successive developments in material design and synthesis, control in the 
morphology of the bulk heteroj unction (BHJ) composite and device optimization, power conversion efficiencies 
(PCEs) of more than 8% have been achieved. [14-23] Efficiency approaching 10% has been disclosed in small 
area solar cells, which indicates the rapid progress over the last 5 years and the great potential of these polymer 
solar cells as an alternative source of energy. [24] 

Detailed balance limit and charge transfer complex 

Veldman et al. [25] conducted a number of experiments on the charge transfer complex in bulk heteroj unction 
and found out that the minimum open circuit loss amounts to 0.6 eV unlike the lower band gap of the acceptor 
and the donor. The open circuit voltage ( V oc ) and the HOMO-LUMO difference of the donor acceptor pair as 
well as the V oc and the energetic position of the charge transfer complex emission showed a linear relation. Now 
they used this relation and assumed values for the External Quantum efficiencies (EQE) and the fill factors (FF) 
to calculate the ultimate efficiency of BHJ cells. With a FF and EQE of about 65% they found a maximum 
efficiency of 1 1% which was obtained at a band gap around 1.4 eV. This highlights the importance of the charge 
transfer complex formed in organic solar cells. [26] 

Fig 1. Illustration of the different losses in an perfect solar cell, photon energy larger or smaller the absorber gap 
(left); power conversion efficiency losses according to the Shockley-Queisser analysis. _Elis the photon access 
energy which is lost due to fast relaxation of the photoexcited charge carrier. Photons with energy E2smaller 
than the band gap are not absorbed by the semiconductor. 

In 2009 Kirchartz et al.[27] calculated the radiative efficiency limit of organic solar cells. Adapting the 
Shockely-Queisser approach(above figure) they estimated a maximum efficiency >20% for pristine polymer 
and polymer fullerene absorbers. The analysis showed a power conversion efficiency of max. 4.2%, which was 
investigated upon and the following losses were revealed: 

1. Optical losses. 

2. Exciton losses due to insufficient transport of excitons to the next donor- acceptor interface or due to 
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inefficient exciton dissociation. 

3. Non-radiative recombination losses. 

4. Charge carrier collection losses due to insufficient mobilities. 




To overcome the non-radioactive recombination losses, the morphology of the BHJ films was required to be 
appropriate [28] so that excitons can be created within a diffusion length of a donor-acceptor interface, leading 
to greatly enhanced quantum efficiency of charge separation. 



Yu and co-workers [15,29,30] reported a series of examples of donor 95 copolymers incorporating TT and 
benzo (l,2-b;4,5-b') dithiophene (BDT) (PTBs). The planarity of the BDT molecule with an extended 7i 
conjugated system conveys rigidity to the polymer backbone, enabling the polymer to form an assembly with 
better n-n stacking and high hole mobility. This improves the hole mobility and hence reduces the losses. 

Recently Koster et al.[31]and Gruber et al.[32] pointed out that either a very weakly absorbing or a strongly 
absorbing charge transfer state leads to the highest power conversion efficiencies under the radiative efficiency 
limit. A weakly absorbing CT minimizes the losses in open circuit voltage while a strongly absorbing charge 
transfer state allows the collection of additional photons(solar). In both cases, the maximum efficiency in the 
radiative limit is 

above 30%. The situation is illustrated 
in below fig. Here we assume a charge 

transfer state with different absorptions strength with a constant spectral width of 0.2 eV. They performed the 
calculations using a black body radiator with a surface temperature of 5800 K as source of light and intensity at 
the solar cell surface of 1000 W/m 2 and a solar cell temperature of 300 K. 




Fig 2. (a) Profile of an ideal absorber with a weak and broad charge(0.2 eV) transfer absorption feature, (b) PCE 
of a solar cell with a absorption profile (a) and different absorptions strength (CT) of the charge transfer state 

Giebink et al.[33] found a "Thermodynamic Efficiency Limit of Exciton Solar Cells" of 

22-27% — demonstrating again the performance potential of organic solar cells under idealized conditions 
without any losses. Similarly high efficiencies for bulk heteroj unction solar cells can be found out by applying 
pure thermodynamic considerations. 
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III. ORGANIC— INORGANIC HYBRID SOLAR CELLS 

Organic — inorganic hybrid solar cells combine inorganic nano particles and organic (normally 
conjugated polymers), with the intent of using the advantages associated with both material groups [34,35]. The 
device fabrication and operation of hybrid solar cells is very similar to that of organic solar cells, the only 
difference being that the organic electron accepting material of PCBM (or other fullerene derivatives) is 
replaced by an inorganic nanoparticle. The inorganic electron acceptor material provides many advantages to 
the system, whilst maintaining low cost process ability. 

First of all inorganic materials are more environmentally stable than organic materials [36]. Adding 
these materials to OPV devices assists in overcoming one of the major downfalls of this technology, ie the photo 
induced degradation of the conjugated organic semiconductors. Second, photogeneration of charge carriers is 
achieved by excitons absorbed in the inorganic material [37,38]. Also the contribution of light absorption by an 
inorganic acceptor is potentially greater than the absorption contribution of PCBM in PSC devices [39,40]. 
Finally, inorganic quantum dots are also known for ultrafast photoinduced charge carrier transfer to organic 
semiconductors. This transfer rate has been observed and calculated in the order of picoseconds [41]. As this 
transfer rate is faster than the competing recombination mechanisms efficient charge transfer is established 
between the donor and acceptor . 
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Dispersed interface * Schematic diagram displaying charge transfer for [a] photo generation in 

the electron donor, and (b) photo generation in the electron acceptor. 



Device operation 



The exciton created on the absorption of a photon is dissociated at the donor-acceptor interface. When they 
separate, the electron is transfered to the acceptor material at an interface and travels to the cathode for charge 
collection. The hole produced in the donor material is collected at the anode after travelling throughout the 
polymer. This process is displayed as (a) in Fig. When light is absorbed in the acceptor material, an exciton is 
formed which must be dissociated by the offset in energy of the donor HOMO level and the acceptor valence 
band edge. The hole is transferred to the donor at an interface and reaches the anode whilst the electron remains 
in the acceptor material and travels to the cathode for collection. This process is displayed as (b) in above Fig. 
Various design considerations are crucial while choosing an appropriate inorganic material. It has been 
identified that an optimal electronic design for such a material would be a bandgap of 1.5eV and a HOMO level 
offset of 0.3eV so that it allows both a significant absorption contribution as well as a large open circuit voltage 
(Voc). There exist additional physical considerations which must also be taken into account. The different 
materials which have so far been considered have both advantages and disadvantages; however, none of 
materials has been coupled with a polymer to provide an electrical performance superior to that of an OPV 
device, for which PCEs of 10% have been achieved. The major limitation to device performance is due to the 
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effect of the insulating surface ligand on the electrical performance of the nanoparticles. Recent research aim at 
realizing the entire potential of this technology by reducing the negative effects. [42] Silicon is a good choice for 
nanohybrid solar cells and it has higher dielectric constant as compared to PCBM. It has strong electronic 
properties which is desirable for us. Lie et al studies this and found the bandgap of Si N Cs, to be 1.5eV.Due to 
the relatively small bandgap, they provided an enhanced absorption profile. The absorption profile of 
P3HT:PCBM is compared with that of Si NCs in figure 




PEDOTrPSS 

Fig 4. Optical absorption spectra forP3HT, silicon nanocrystals and P3HT:Si NC blendfilm [88], (b) J-V 
characteristic curves of P3HT:SiNCsolar cells under 100 mW/cm2, AM1.5G conditions. This shows a 
comparison of an as-cast and annealed device. The annealing conditions were 150 C for 120min , Schematic 
diagram of the procedure used to form hybrid solar cells incorporating silicon nano wires. First, the nano wires 
were pressed into the P3HT:PCBM blend, then the wafer was removed by the application of lateral force 

Scharber et al in 2006 studied the relationship between the open circuit voltage and the energy levels of the D-A 
blend for 26 different BHJ devices. Keeping the acceptor(PCBM) constant, the donor material was 
varied. [43,44] The analysis suggested linear relationship between the open circuit voltage and the diagonal 
bandgap of the heteroj unction but there also existed a loss factor in the BHJ design. 

However there are problems related to the increased density of trapped states and limited control over the D-A 
nanomorphology which seemed to have hindered progress in this field. However, a post production annealing 
process could improve the nanomorphology and hence improve the PCE. Thermal treatments cause crystallinity 
in the polymer hence allowing better hole mobility [45 -47]. Similarly, many ways of nano structuring are 
possible which improve the electron mobility in the polymer(below Fig.). Inorganic materials like semiconductor 
ZnO have come to the limelight due to their vertically aligned structures and high electron nobilities. Hence, 
many new materials were explored to work towards optimizing such parameters. 
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Fig5. Schematic representation of the possible nano structured architectures for inorganic acceptor materials. 
Depicted are (a) quantum dots, (b) nano rods, (c) branched nano rods and (d) porous single crystal. 

IV. FROM ALKOXY-SUBSTITUTED BENZO[l,2-B:4,5-B f ]DITHIOPHENE UNITS 

(BDT) TO 



2-Alkylthienyl-Substituted BDT 



Tabic 1. Properties and Photovoltaic Results of Three Pairs of BDT Hased Polymers with AlUoxyl Substitution and 2 
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BDT based polymers are one of the major families of polymer based photovoltaic cells. [48-60] After studying 
the reported works on these PVCs, it has been found that efficient photovoltaic materials can be obtained by 
copolymerizing BDT units with other types of conjugated building blocks. [48] Thus, 8-9% PCEs have been 
obtained from BDT and Thieno(3,4-b) Thiophene (TT) Copolymers, [53-58] the BDT andTPD copolymers, [59] 
the BDT and diketopyrrolopyrrole (DPP) copolymers, [60,61] and so on. Therefore, how to improve 
photovoltaic properties of the BDT -based polymers is a very important topic for molecular engineering and thus 
further research needs to be carried on. 

4.1 Design strategies of the 2D -conjugate BDT based polymers 

In the above figure, there are two groups in which six BDT-based polymers are put in. In Group 1, the 
BDT units in the polymers are substituted by alkoxyl groups; in Group 2, the backbone structures of the three 
polymers are identical and possess alkyl side groups as the analogues of Group 1, but the 

Fig 6. evolution of moleculer structures based structures for three BDT based polymers from alkoxyl substitution 
to 2-alkylthienyl substitution 
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Alkoxyl groups linked with the BDT units are replaced by 2-alkylthienyl groups, so that the surface area of 
conjugation of their backbones can be expanded toward the vertical direction. The comparisons between the 
polymers in these two groups will provide further important information on the effects of the 2D-conjugated 
structure. [62,64] According to the data collected in Table 1, it can be concluded that due to the replacement of 
the alkoxyl groups with the 2-alkylthienyl groups, the absorption bands of the polymers get red-shifted slightly, 
while their HOMO levels are little altered. Also, the thermal decomposition temperatures (Td) of the polymers 
in Group 2 are improved by quite an extent. In addition to that, the polymers in Group 2 showed higher hole 
mobility and improved PCEs in PSCs compared to the polymers in Group 1 . 

Table 2. Band Gaps and HOMO Levels of the BDT-Based Polymers with Different Conjugated Side Groups and the 
Corresponding Photovoltaic Results 
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4.2. Molecular Energy Level Modulation of the 2D-Conjugated BDT-Based Polymers 

Recent studies in the molecular designs of 2D -conjugated BDT-based polymers showed that molecular 
energy levels of this type of polymers can be tuned effectively by altering the conjugated side groups. 
Figure - Evolution of molecular structures for BDT-based polymers with different conjugated side groups. 
Right from alkoxyl substitution to 2-alkylthienyl substitution, little change in their HOMO levels are observed, 
meaning both the 2-alkylthienyl groups and the alkoxyl groups have similar influence on molecular energy 
levels of the BDT-based polymers. Yang et al. synthesized two 



Fig 7.Evolution of molecular structures for BDT-based polymers with different conjugated side groups, 
copolymers namely BDT and DPP [61] in which thienyls and phenyls were respectively used as the conjugated 
side groups. 
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To enable clear comparisons, the analogous polymers based on alkoxyl- substituted BDT36 are shown in above 
Figure , and each of their photovoltaic properties is collected in Table 2. The figure shows the TEM images of 
the corresponding poly mer:PC7 IBM blends significantly and the molecular structures of three polymers based 
on the BDT and DPP units. The substituent's on BDT were changed from alkoxyl to 2-alkylthienyl and then to 
para-alkylphenyl, their HOMO levels decreased gradually, from -5.16 to -5.30 eV and then to-5.35 eV; while 
the Voc's of the corresponding PSCs got increased from 0.68 to 0.73 V and then to 0.76 V. Thus molecular 
energy level of the 2D-conjugated BDT -based polymers is also affected by altering the substitution positions of 
the alkyls.[65] Recently, Huang et al. did a detailed study on the effect of alkyl substitution position on 
molecular energy levels of the 2Dconjugated BDT -based polymers and noticed a PCE of 7.1% with a high Voc 
of 0.9 V.[66] The molecular energy levels can also be tuned by introducing functional groups onto their 
conjugated side groups. In a previous work, when meta-alkoxyl-phenyl was used as side groups instead of para- 
alkoxyl-phenyl in a conjugated polymer, deeper HOMO level and thus improved Voc was noticed. 

Fig 8. Molecular structures of three polymers based on BDT and DPP units, and TEM images of the 
corresponding polymer:PC71BM blends. 

Based on the discussion in this section it should be concluded that molecular energy levels of the 2D-conjugated 
BDT-based polymers can be effectively tuned according to the requirements. 

4.3. Backbone Conformation Modulation of the2D-Conjugated BDT-Based Polymers 

Getting bicontinuous nanoscale phase separation in the blends of polymer and PC71BM (an electron acceptor) is 
one of the key issues to ensure efficient PCE. Sometimes, the formation of large size aggregations of polymer 
and PC71BM in the blends is one of the most important obstacles in order to realize high photovoltaic 
performance. As shown in Figure , the PBDPPO:PC71BM blend showed large aggregations (>100 nm), so that 
the excitons generated in the polymer and PC71BM domains cannot diffuse to the D/A interface efficiently due 
to the limited exciton diffusion length and also the D/A interface in the blend is not big enough to perform 
efficient charge separation. Although the replacement of the alkoxyls with the 2- alkylthienyls definitely have a 
positive influence on improving compatibility between PCBM and the polymer based on DPP and BDT,[64]this 
method doesn't have much of an effect on tuning crystallinities of the BDT-based polymers. [67,70] From the 
results discussed above it can finally be concluded that morphological properties of the 2D-conjugated BDT- 
based polymers can be tuned by a variety of methods. The superior properties of 2D-conjugated BDT-based 
polymers along with high PCEs make them potential candidates for highly efficient photovoltaic solar cell 
devices with varied architectures. The molecular structure evolutions from BDT to 2D -conjugated BDT is an 
excellent reference for the design and development of organic -polymer electronic materials. These excellent 
results indicate that 2D -conjugated BDT is a very useful building block for the design of high performance 
photovoltaic polymer solar cells. [71] 

V FUSED DITHIENOGERMOLODITHI- -OP HENCE LOW BAND GAP 

POLYMERS 

Another promising class of polymers for the photovoltaic applications are the so-called ladder 
polymers, in which linked aromatic units such as thiophene or benzene are forced to be co-planar and fully 
conjugated using the bridge heteroatoms.[72] The enforced co-planarity reduces rotational disorder which leads 
to lowering of reorganization energy and potentially increasing charge carrier mobility. [73] The bridging atoms 
also serve as a point of attachment for the necessary solubilizing groups needed to ensure processable materials. 
Thus here we have dithienogermolodithiophene which is the polymer in which two thieno(3,2-b)thiophene units 
are held co -planar by a bridging dialkyl germanium is polymerized with with Af-octylthienopyrrolodione by 
Stille polycondensation giving a polymer, pDTTG-TPD, which has an optical band gap of around 1.75 eV and 
is combined with a high ionization potential. BHJ solar cells based upon pDTTG-TPD:PC71BM blends 
afforded efficiencies up to 7.2% without the need for thermal annealing or processing additives. 
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pDl fCi-TP D 



Fig 9. Synthesis process 

The synthesis of the polymer pDTTG-TPD is shown in scheme 1 . Dibromination of commercially available TT 
with NBS, followed by protection of one of the aryl bromides as a trimethylsilyl group resulted from the 
previously reported TT derivation 3. In this method we use the property of arylhalides to undergo base 
catalyzed rearrangements (the halogen dance mechanism) to produce the most stable organometallic species. 
The treatment of 5-bromothieno[3,2-b]thiophen-2-yl) (trimethyl) silane 3 with one equivalent of LDA at -78°C 
Resulted in the rearranged 6-bromothieno[3,2-b]thiophen-2 yl) (trimethyl) silane. This was not isolated, but was 
oxidatively dimerised in situ by treatment with CuCl 2 to produce the dibromide 4 in 70%. This was dilithiated at 
- 90°C and reacted with dibromobis (2-ethylhexyl) germane to afford the ring closed germole 5 in 60%. Note 
that the di-anion of 4 had a tendency to decompose by ring opening due to the electron rich nature of the 
thieno[3,2-b]thiophene. This degradation could be minimized by maintaining the temperature below - 90°C, and 
using diethyl ether rather than THF as the solvent. The conversion to the required distannyl derivative of 
germole 5 was achieved by treatment with NBS, followed by lithiation of the resulting dibromide and 
stannylation at low temperature. [74] The optical properties of pDTTG-TPD were characterized by UV-vis 
absorption spectroscopy. As shown in below Figure , the solution spectrum displays a maximum at 595 nm and 
a shoulder at 643 nm. The shoulder is assigned to the aggregation of pDTTG-TPD since heating to 85 °C 
results in a 7 nm blue shift of the maximum and a decline in the relative intensity of the shoulder. This suggests 
the existence of inter-molecular stacking even in dilute solution. Upon film formation the absorption red shifts 
and the relative peak intensities change, with the former shoulder now becoming the strongest intensity peak at 
663 nm with a weaker shoulder at 608 nm. Such changes are indicative of an increasing degree of polymer 
aggregation and backbone planarization corn-pared to solution. From the onset absorption in the solid state, the 
optical band gap was found to be approximately 1.75 eV. 




400 GOO ©OO 1 OOO 



Fig 10. Absorption of pDTTG-TPD in chlorobenzene and of pDTTG-TPD in 0.1 M Bu 4 NPF 6 acetonitrile 
solution. 
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In order to calculate the band gap and energy level of pDTTG-TPD we measured the redox behavior by cyclic 
voltammetry (CV) as a thin film. The inserted curve in Figure shows that pDTTG-TPD possesses a reversible 
oxidation and an irreversible reduction. Based on the assumption that the absolute energy level of 
ferrocene/ferrocenium (Fc / Fc + ) is -5.1 eV to vacuum [75], the energy levels of the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were evaluated with the value of - 5.68 eV 
according to their oxidation onset potentials and according to their reduction onset potentials the value was -3.88 
eV. As a result the value of electrochemical band gap was calculated as 1.8 eV, which is in excellent agreement 
with that of optical band gap. 

The photovoltaic performance of pDTTG-TPD was investigated in bulk heteroj unction devices with a 
conventional device configuration of ITO/PEDOT:PSS/PTTGTPD:PC71BM/Ca/ Al. The best device 
performance based on the film spin-coated from an optimal 1:2 (w/w) ratio of pDTTG-TPD/PC71BM blend 
solution in dichlorobenzene at 80 °C can be seen in the above figure. Further annealing at 140 °C did not change 
the performance. The optimum active layer thickness was found to be between 90-110 nm, limited by the 
limited solubility of the donor polymer. The illuminated (A.M. 1.5) current density -voltage (J-V) curve in figure 
2 exhibits a V oc of 0.81 V, a / sc of 13.85 mA cm" 2 and a FF Of 64%, leading a PCE of 7.2%. Average device 
efficiencies were 6.8% . This good performance was achieved without the use of any processing additives. Such 
additives are often required in the case of largely amorphous donor polymers to drive phase segregation during 
the film drying process by preferential solubility of one of the components in the additive. 

VI. A SELENIUM-SUBSTITUTED LOW-BANDGAP POLYMER 

The reduction of the band gap and the enhancement of the charge transport properties of a LB G (low 
bandgap polymer) polymer (PBDTT-DPP) can be accomplished simultaneously by substituting the sulfur atoms 
on the DPP (diketopyrrolopyrrole ) unit with selenium atoms. The newly designed polymer,benzo[l,2-b;3,4- 
b]dithiophene-alt-2,5-bis(2-butyloctyl)-3,6-bis(selenophene-2-yl)pyrrolo[3,4-c]pyrrole-l,4-dione} (PBDTT- 
SeDPP, Eg = 1.38 eV), shows excellent photovoltaic performance in single junction devices with photo- 
response up to 900 nm and PCEs over 7%. Visibly -transparent solar cells and tandem polymer solar cells and 
based on PBDTT-SeDPP are also demonstrated with a 9.5% and 4.5% PCE, which are more than 10% 
enhancement over those based on PBDTT-DPP 

The SeDPP monomer was synthesized by first adding the carbonitrile group onto the 2 -position of selenophene. 
The SeDPP core unit was formed by condensation reaction with selenophene -2-carbonnitrile and 
diisopropylsuccinate in a basic environment. It should be noted that decreasing the reaction temperature (from 
120 C to 80 C) and increasing the reaction time (from 2 hours to 12 hours) can enhance the yield of this step to a 
great extent, probably due to the lack in stability of the selenothiophene -2-carbonnitrile at high temperature. 
Then, 2-butyloctyl chains were attached onto the DPP core to ensure it was soluble and then finally the 
bromination was performed by N-bromosuccinimide (NBS) under Argon protection. To fully measure the effect 
of the Se-substitution on the DPP unit, the furan and thiophene counterparts (PBDTT-FDPP and PBDTT-DPP) 
were also synthesized and characterized for comparison, and their chemical structures are shown in Figure a. 
The polymers PBDT-FDPP, PBDTT-DPP, and PBDTT-SeDPP were obtained via Stille-coupling 
polymerization, and the detailed synthetic route as well as structural characterization is described in the 
Supporting Information. The gel permeation chromatography (GPC) measurements measures similar average 
molecular weights (M n ) of 35.2 kDa, 40.7 kDa, and 38.4 kDa for PBDTT-FDPP, PBDTT-DPP, and PBDTT- 
SeDPP, respectively. It is seen that higher M n batches of PBDTT-DPP and PBDTT-SeDPP showed very poor 
solubility and cannot be used for solution processing. And higher M n batches of PBDTT-FDPP showed similar 
or even lower performance. For the consistency of the report, polymers with similar M n values are used here. 
The polydispersity index of these three polymers was also determined by GPC to be around 2.1. These polymers 
can be dissolved in chloroform (CF), chlorobenzene (CB), and dichlo-robenzene (DCB). 

Figure b shows the comparison of the ultraviolet/visible (UV/Vis) absorption spectra of the polymer thin films. 
All three polymers have a main absorption range starting from ~550 nm, and the absorption edges are from 810 
nm to 900 nm. The absorption shapes are similar to each other, which indicate the characteristics of the BDTT- 
DPP backbone system. The new PBDTT-SeDPP polymer displays a clear red-shift of the absorption onset as 
well as the maximum peak value (nearly 50 nm) as compared to PBDTT-DPP. According to the onset of the 
film absorption spectra, the optical band gap of PBDTT-DPP, PBDT-FDPP and PBDTT-SeDPP are calculated 
to be 1.46, 1.51 and 1.38 eV, respectively. The relatively low absorptivity in the visible region (400-650 nm) 
and high absorptivity in the NIR (650-900 nm) and UV (<400 nm) region of PBDTT-SeDPP make it a very 
promising candidate for high performance tandem PSCs and visibly -transparent PSC applications. [76] 
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Fig 11. (a) Chemical structures of PBDTT-FDPP, PBDTT-DPP and PBDTT-SeDPP, 
(b) Absorption spectra in thin films of PBDTT-FDPP, PBDTT-DPP and PBDTT-SeDPP. 

It was seen that by substituting the sulfur atoms with selenium atoms, the HOMO level increases slightly and 
meanwhile the LUMO level drops a little. The narrowing of the bandgap is mainly due to the electron stabilizing 
effect of selenophene moieties, since selenium is more polarizable than either sulfur or oxygen. [77,78] The 
actual HOMO and LUMO energy levels of polymers are then determined by cyclic voltammetry (CV) 
measurement and the results from both DFT calculation and CV measurements are summarized in the given 
table. The HOMO/LUMO levels of PBDTT-FDPP, PBDTT-DPP, and PBDTT-SeDPP are measured to be 
-5.26/-3.64 eV, -5.30/-3.63 eV, and -5.25/-3.70 eV, respectively. The bandgap of PBDTT-FDPP turns out to 
be the smallest based on the CV testing, which conflicts with the optical bandgap 




PBDTT-FDPP PBDTT-DPP PBDTT-SeDPP 




400 500 600 700 800 900 1 0OO 



Wavelength / nm 

Single junction BHJ solar cell performance of these polymers were preliminarily investigated with the regular 
structure of ITO/PEDOT:PSS (30 nm)/polymer:PC71BM (100 nm)/ Ca/Al under AM1.5G illumination (100 
mW/cm 2 ). These three polymers were spin-coated onto the PEDOT:PSS coated indium-doped tin oxide (ITO) 
glass substrate from DCB solution, followed by the evaporation of Ca/Al as top electrode. The optimized 
polymer:PCBM ratio was found to be 1:2 by weight. Typical current density -voltage (J-V) curves are shown in 
Figure , the corresponding EQE(external quantum efficiency) curves are presented in Figure 2b and the results 
are summarized in Table 3 



Table 3. Photovoltaic properties of single layer BHJ solar cells. 
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Fig 12.(a) Current density-voltage characteristics of polymer/PC 7 iBM single junction solar cellsunder AM1.5G 

illumination (100 mW/cm 2 ). 

(b) EQEs of the corresponding devices 
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The PBDTT-SeDPP based device turns out to have the lowest V oc , and it is mainly due to a relatively high 
HOMO energy level. The J sc , increases from PBDTT-FDPP to PBDTT-DPP to PBDTT-SeDPP based devices. 
A high JSC of 16.8 mA/cm 2 was observed in PBDTT-SeDPP based devices, which is 52% and 23% higher than 
PBDTT-FDPP (10.9 mA/cm 2 ) and PBDTT-DPP (13.7 mA/cm 2 ) based devices. With an FF of around 62%, the 
PBDTT-SeDPP based device shows a maximum efficiency of 7.2% (the averaged PCE from ~40 devices is 
7.0%), whereas the PBDTT-FDPP and PBDTT-DPP based devices show max/average PCEs of 4.7/4.5% and 
6.5/6.4%, respectively. From the EQE results (Figure 2b), a broader coverage of PBDT-SeDPP from 300 nm to 
900 nm is clearly seen. Also, the average values (note: estimated from numerical values between the two peaks 
at -350 and -800 nm) are around 42%, 47% and 53% for PBDTT-FDPP, PBDTT-DPP, and PBDTT-SeDPP 
based single-layer devices, respectively. It was seen that the maximum EQE for the LBG polymers (—50%) are 
still lower than the state-of-art MBG polymers such as PTB7 (~ 60%).The IQE(internal quantum efficiency) of 
PBDTT-SeDPP based devices was around 60%, indicating there is still significant energy loss during the 
photon-to-electron conversion process. 

VII. CONCLUSION 

Over the past four years, OPVs have made rapid progress and its PCE has exceeded 10%. With the 
development of many new donor polymers such as Bulk heteroj unction (BHJ) solar cells (8-10%), Organic — 
inorganic hybrid solar cells (approx 10%), Alkoxy-Substituted benzo[l,2-b:4,5-b']dithiophene units (BDT) to 
2- Alky lthienyl- Substituted BDT (8-10%), Fused Dithienogermolodithiophene low band gap polymers (7-8%) 
and Selenium-Substituted Low-Bandgap Polymer (8-9%) higher PCE can be achieved. Also, further new 
criteria has been established to consider a polymer as donor polymer, such as satisfying a broad absorption with 
a high extinction coefficient near the region of maximum solar photon flux, a low lying HOMO energy level 
and a suitable LUMO energy level. Also, it is important that the polymer has appropriate miscibility with n-type 
acceptor materials. When the polymer satisfies these physical properties, the local dipole moment along the 
polymer chain is critical for effective exciton separations and charge carrier generation. Apart from the 
characteristics of the polymer required for high solar cell efficiency, the polymer's photochemical stability and 
the stability of donor/acceptor's nano-morphology are crucial issues towards achieving longer lifetimes. In 
addition to development of high efficiency materials, technologies must also be developed for fabricating 
reasonable, lightweight and flexible devices which show the device's lifetime suitable for commercialization. In 
our view, the perspective for OPVs is very bright and is becoming brighter as the years go by. Thus Cheap 
Enviorenmental Friendly Solar Energy is a key to a healthier and bright future. 
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